In pregnant Syrian hamsters (Mesocricetus uurutus) used as an animal model for studying the migration of fetal trophoblasts and the associated changes in maternal blood vessels, intravascular trophoblasts migrated well beyond the blood vessels of the uterus and into the vessels of the mesometrium. They migrated beyond the decidua of the uterus, into the lumina of maternal uterine and mesometrial arteries, but not into veins. The arterial changes, which were often segmental, resembled those seen in the decidua and consisted of a replacement of normal smooth muscle cells by poorly differentiated stromal cells. Ultrastructurally, the trophoblasts were either above or below maternal endothelial cells. They occurred also as single or multiple layers within the lumina of arteries that lacked an endothelial lining. Apparent penetration of the elastic membrane by the fetal trophoblasts brought them into close apposition to maternal cells in the arterial wall. Histochemical studies showed heightened metabolic activity of the intravascular trophoblasts as suggested by strong histochemical reactions to nonspecific esterase, succinic dehydrogenase and the glycerophosphate dehydrogenase reactions. Thus, these metabolically active fetal trophoblasts actively migrate into the maternal arterial system, resulting in loss of endothelial cells and changes in the wall of the maternal arteries similar to those in the decidua at the uteroplacental junction.
The fetal trophoblasts of the Syrian hamster (Mesocricetus auratus) migrate into the maternal vascular system during gestation [12, 131 . They migrate into the lumina of maternal blood vessels from the placenta, through the uterine vessels and into the mesovarium and mesometrial vessels. During this migration, the maternal blood vessels undergo dramatic morphological alterations. In any other area of the body these vascular changes would be regarded as a severe pathological process, but in the pregnant hamster, such vascular alterations are normal and adaptive. Very little is known about the relationship of the fetal trophoblasts and the maternal vascular changes in any species. Therefore, the hamster provides a unique opportunity to evaluate the trophoblast-blood vessel interaction since this interaction occurs in the mesometrial blood vessels, which are relatively easy to localize and evaluate.
Materials and Methods
Female Syrian hamsters (Mesocricetus uurutus) from Lakeview Hamster Colony, Lakeview, N.J., were used. There were 30 pregnant hamsters from the 12th to the 15th day of gestation, 553 10 virgin females, five females 2 weeks postpartum, five females 4 weeks postpartum, and 10 retired breeders. All pregnancies were from timed matings by a commercial breeder.
Two hamsters were killed on the 13th day of gestation and perfused with a latex and barium solution at 80 mm/Hg into the left ventricle of the heart [ 161. The ovaries, mesometrium and uterus with placentae and feti were removed from the abdominal cavity and fixed in toto in neutral phosphate buffered 10% formalin. Multiple sections of the uterus with placentae, feti and accompanying mesometrium were taken from each hamster. Sections were embedded in paraffin blocks and serial sections were made in such a way that individual placental attachment sites and blood vessels could be reconstructed [16] . Sections were cut and stained as described below. For routine histologic studies, the uterus with placenta and mesometrium of pregnant hamsters and the uterus and mesometrium of virgins, postpartum hamsters and retired breeders were futed in phosphate-buffered 10% formalin and embedded in paraffin. Six-micrometer thick sections were stained with hematoxylin and eosin (HE). Special stains on formalin-fixed material included periodic acid-Schiff (PAS) reaction, with and without diastase, Orincine elastic stain, alcian blue, Wilder's reticulum stain, Masson's trichrome, toluidine-blue and methyl-green-pyronine.
Tissues for frozen sections were collected at necropsy, frozen in liquid nitrogen or dry ice and alcohol, cut on a cryostat at -20" C and processed depending on the procedure used. The following histochemical procedures were done with standard methods: alpha naphthyl acetate (esterase), alpha glycerophosphate with menadione, isocitric dehydrogenase, alkaline phosphatase, succinic dehydrogenase, adenosinetriphosphatase (ATPase), monoamine oxidase and glucose-6-phosphatase. These studies were done on gestation days 12 and 13 and were done with positive and negative controls.
Tissue taken from six hamsters on gestation days 12, 13 and 14 was fixed in 4% glutaraldehyde in phosphate buffer (pH 7.4). After 18 hours, the tissue was rinsed in phosphate buffer with 0.2 mol/l sucrose (pH 7.2), fixed in 1% osmium tetroxide for 2 hours, and embedded in Spurr low viscosity embedding media [ 171. One-micrometer sections were cut and stained with toluidine blue. Thin 60-to 90-micrometer sections were cut on an ultramicrotome, collected on copper grids, and stained with uranyl acetate and lead citrate. Sections were viewed on an electron microscope.
Alcian blue was perfused into the left ventricle of the heart at 80 mm/Hg and was continued until all vessels were blue (about 15 to 20 minutes) [I]. Selected tissue then was prepared for electron microscopy. Nine hamsters, between gestation days 12 to 15, were perfused to determine if the alcian blue dye could penetrate the trophoblast cell junctions and could penetrate between the trophoblasts and arterial endothelial cells.
Results

Light microscopy
Virgin hamsters had normal-appearing blood vessels in the mesometrium and in the wall of the uterus ( fig. 1 ). The arteries in the mesometrium joined the spiral or coiled arteries of the vascular knot which, in turn, had small branches that passed into the wall of the uterus.
The luminal surface of the vascular knot of sheathed arteries ( fig. 2 ) was lined by trophoblasts in pregnant hamsters by days 12 to 15 of gestation. The endothelial cell layer could not be identified and the elastic membrane was usually absent in the artery wall. The muscle of the wall was replaced by poorly differentiated stromal cells, which were round to spindle with pale, eosinophilic, slightly vacuolar cytoplasm. They were present from just under the trophoblasts, extended through the wall and blended into the adventitial layer of the vessel. Lymphocytes and neutrophils were in these arteries. They were on the surface of the trophoblasts, apparently within trophoblasts and under trophoblasts. The walls of the arteries often contained as many leukocytes as stromal cells and extravascular red blood cells were numerous, many appearing fragmented. Erythrophagocytosis by histiocytes was common. Hemosiderin deposits were found in some histiocytic cells but were not abundant despite the numerous extravasated red cells. Pyknotic cells and cellular debris were seen frequently.
--
A gradual but progressive degeneration and transformation, similar to the reaction within the vascular knot, occurred in the arteries of the mesometrium ( fig. 3,4 ). The smooth muscle underwent segmental degeneration and necrosis with replacement of muscle fibers by maternal stromal cells. These cells were similar to the stromal cells of the vascular knot but were less numerous and often formed only a thin rim around the dilated arteries. The lumina of the mesometrial arteries, as they neared the vascular knot, were often completely lined by trophoblasts. Farther upstream the trophoblast lining was incomplete. In sections with a complete layer of trophoblasts, the endothelium was often impossible to identify. In sections with an incomplete layer of trophoblasts, the endothelium clearly could be seen in areas of the vessel without trophoblasts, but was indistinct under the trophoblasts.
The elastic membranes were lost or segmentally fragmented. Some vessels retained a complete internal elastic membrane even though trophoblasts lined the surface. In other vessels, the internal elastic lamella appeared to be fragmented and parts of trophoblasts extended beyond it into the vessel wall.
Special stains confirmed the observations made on HE-stained sections. Degeneration and loss of arterial smooth muscle was confirmed with Masson's trichrome and Wilder's reticulum stains. Elastic membranes of some arteries were shown to be fragmented, duplicated or lost by PAS reaction, Orincine elastic stain and Masson's trichrome stain. Evaluation of sections stained with alcian blue, PAS, Wilder's reticulum and Masson's trichrome indicated that endothelial cells were often absent from arteries lined by fetal trophoblasts.
There were fewer leukocytes in the mesometrial arteries than in the vascular knot. Leukocytes could be seen on the surface of trophoblasts and in the wall of the arteries.
Ten hamsters were permitted to deliver young at term. They were killed 2 to 4 weeks later and their mesometrial blood vessels examined. The severity of arterial wall damage varied but nearly all arteries were affected. Changes consisted of focal or diffuse fibrous connective tissue, fragmented elastic membranes, scattered mononuclear inflammatory cells, a few macrophages with hemosiderin and apparent attempts at regeneration.
Tissues of 10 retired breeders also were examined. All had variable arterial wall changes consisting of focal fibrosis, recanalized lumina, fragmented elastic membranes and a few focal collections of mononuclear inflammatory cells and hemosid- 
Latex perfusion studies
Latex and barium filled the mesometrial, mesovarium and uterine arterial system up to the decidua ( fig. 7, 8 ). Latex incompletely filled the terminal arteries entering the placenta and did not penetrate beyond the zone of syncytiotrophoblasts. It was not found in the maternal venous return from the placenta or in the maternal veins of the uterus or mesometrium. By making serial sections through paraffin blocks, it was then possible to reconstruct and to evaluate the extent or severity of the arterial lesions throughout an artery.
The latex perfusion studies corroborated one description of the hamster uterus and placental blood vascular pattern [13] . During the 12th, 13th and 14th days of gestation, the uterine mesometrial arteries had many anastomosing branches. Many constrictions and dilations were along these vessels, which entered the vascular knot, a complex network of sheathed arteries. At a given placental site, one, two or three placental arteries branched from the vascular knot and penetrated the uterus at the mesometrial-uterine junction where a marked narrowing of the vascular lumen, as well as a smaller total diameter of the artery, occurred. The artery and its lumen remained constricted until it emerged from the uterine muscle ( fig. 7) . After entering the decidua, the placental artery coursed into the placenta and remained as a separate vascular structure until it opened along the fetal edge of the labyrinth zone. The maternal blood passed in the vascular channels formed by trophoblasts, into the placental labyrinth and through the placental syncytial trophoblast zone into the veins of the maternal decidua.
The intravascular trophoblasts were only in the maternal arterial system. They did not appear to be dislodged or displaced by the perfusion but were flat and compressed. Arterial changes were segmental. The loss of musculature and alterations to the arteriolar wall were sometimes in one section while several micrometers deeper the changes were less severe. Such segmental changes were seen in arteries with trophoblasts as well as those that did not have trophoblasts within 200 to 300 micrometers.
Although the vascular changes and the trophoblasts in the lumina of the mesometrial arteries were seen together, these two phenomena may not have occurred at the same time. Some arterial segments had their lumina completely lined by trophoblasts and had apparently normal muscular walls, while other segments apparently had lost all the musculature but did not have trophoblasts.
Histochemical studies
The intravascular trophoblasts reacted strongly and uniformly in a nonspecific esterase assay with alpha naphthyl acetate as substrate and in a dehydrogenase assay with alpha glycerophosphate with menadione as a cofactor. They were focally reactive for glucose-6-phosphate dehydrogenase, isocitric dehydrogenase and succinic dehydrogenase. They did not react in the monoamine oxidase assay, alkaline phos- phatase assay or in the adenosine triphosphatase (ATPase) assay despite strong reactivity in the appropriate controls.
The muscular coat of the mesometrial arteries did not react or reacted variably to the various histochemical methods. Blood vessels in controls reacted uniformly to the ATPase enzyme assay. The mesometrial arteries showed patchy positive reactions, depending on the degree of vascular alteration.
Electron microscopy
Trophoblasts were flat in perfused arteries. Distinct smooth muscle cells were gone from the walls of the vascular knot of sheathed arteries and were replaced by maternal mesenchymal stromal cells. Stromal cells were round to polygonal. They usually had indented nuclei with marginated chromatin. The cytoplasm contained two to 20 mitochondria per section of cell. The amount of endoplasmic reticulum varied from cell to cell, but was relatively scanty. Glycogen granules were occasionally present. The nuclei were often eccentric and the cellular organelles tended to be at one end of the cell cytoplasm. The stromal cells in this region were close to each other. Little or no collagen or reticular fibers were present to separate them. Many lymphocytes were present. These cells were also close to each other and to the stromal cells. As seen by light microscopy, many intact as well as fragmented red blood cells were present. Endothelial cells were absent from the luminal surface and the elastic membrane could not be seen. The trophoblasts in this region seemed to rest on a thin basal lamella. Normal vasa vasorum were noted frequently in the wall of the vascular knot arteries. They had distinct pericyte cells, endothelium and endothelial basement membranes. Trophoblasts were not seen in these vessels.
The ultrastructural features of the arteries of the mesometrium were somewhat different from those of the vascular knot. The stromal cells contained more mitochondria and more endoplasmic reticulum per cell. The nuclei were more irregular and were often elongated. The distinct polarization of cell organelles rarely was seen and certainly was less frequent than in the vascular knot. Also, the stromal cells in these arteries were separated from each other by basal lamellar-like structures similar to the basement membrane under the trophoblasts ( fig. 9 ). Many areas had membranous structures surrounding several stromal cells. This was not a feature of the vascular knot. Collagen fibers were present and in some arterial walls, smooth muscle cells could be demonstrated. Leukocytes were infrequent in this region and extravasated red blood cells were absent.
The ultrastructural features of trophoblasts lining the vascular knot and the mesometrial arteries were similar. Individual trophoblasts, however, varied greatly in their morphology. One cell type was poorly differentiated. It had a single, large nucleus with one or more large nucleoli. The cytoplasm was abundant and was finely granular. Glycogen and polysomes were present but only a few mitochondria and little endoplasmic reticulum. The endoplasmic reticulum was usually smooth, was not dilated and lacked secretory material in the cisternae. Another cell type was large with a single large nucleus that was often multilobulated and had one or more
Burek er a/ Fig. 9 Trophoblast (top). absence of endothelial cells. elastic membrane and media of artery. Cells in media resemble cells in uterine decidua rather than smooth muscle cells. distinct nucleoli. The cytoplasm was more coarsely granular and had more mitochondria. Especially prominent was the abundant. dilated. endoplasmic reticulum. The cisternae were filled with homogeneous. osmiophilic material. Polysomes were numerous. Some of these cells had a smooth luminal surface while others had many delicate microvilli. Phagolysosomes or autophagosomes were numerous.
The trophoblastic lining on the luminal surface was usually only one cell layer thick. Rarely, two or three distinct layers of trophoblasts could be seen; this was not apparent by light microscopy. but was seen ultrastructurally in both perfused and nonperfused animals.
Occasionally trophoblasts were seen under endothelial cells (fig. 10 ) but in other sections they were above them. In most specimens. the endothelium could not be found. A basement membrane or basal lamella appeared to form under trophoblasts.
The alcian blue perfusion resulted in alcian blue adhering to the cell surface of trophoblasts as a thin. dark. amorphous material. It occasionally was between trophoblasts up to. but not beyond. the desmosome contact junctions of cells (fig. Evidence of migration through (ft) elastic membrane. 1 1) . Neutrophils were along the surface of trophoblasts. Where lymphocytes and granulocytes were in direct contact with trophoblasts, the alcian blue covered the surface coat of both cells uniformly but did not penetrate between the contact areas of the granulocyte and trophoblast.
In arteries with two or three layers of trophoblasts, the alcian blue was only on the luminal surface of the superficial cell and never between cells. In arteries lined by endothelium and lacking trophoblasts, leukocytes could not be found adhered to the endothelial cell surface. The alcian blue covered the endothelial cells and a distinct contact zone between leukocyte and endothelium was not seen. Finally, many of the junctional complexes at contact points between trophoblasts had formed desmosomes.
Discussion
The pregnant hamster provides an animal model to study the interaction of the fetal trophoblasts with the maternal arteries outside the uterus. The occurrence of trophoblasts beyond the placenta and into maternal blood vessels has been well documented in man [5, 101 and in animals with hemochorial types of placentation 12, 4, 121. The trophoblasts in pregnant hamsters, however, migrate far beyond the uterus and by the 12th to 16th days of gestation are found in the mesometrial and mesovarial blood vessels [ 12, 131. Our light microscopic, electron microscopic and histochemical studies showed that as the trophoblasts migrated into the hamster maternal arteries, several changes occurred in the blood vessels. Recognizable muscle cells were usually absent in arteries completely lined by trophoblasts, resulting in a "secondary wall" similar to that in human uteroplacental arteries [ 101. Also, the ultrastructural morphology of the cells in the arterial wall was similar to that of the uterine decidua [6, 141. The ultrastructural features of the intravascular trophoblasts were similar to those seen in the placenta, especially in the zone of syncytiotrophoblasts [7-9, 15, 181; this supports observations of one researcher [ I I]. Finally. the histochemical studies indicate the trophoblasts are metabolically active and that the normal muscle in the maternal arteries become unrecognizable.
The lining of the arterial lumina by trophoblasts, the loss of the arterial endothelium and the transformation of the smooth muscle into a decidual-like zone suggests the formation of a placenta-decidua environment in the arteries of the mesometrium. The presence of one to three layers of trophoblasts along the surface of some arteries in this region further mimics the placental-decidua region.
The flat and compressed appearance of intravascular trophoblasts in vessels perfused at 80 mm/Hg, probably corresponds more accurately to the in vivo appearance of these cells at normal physiological pressures. If this is also true in the human uterine arteries, it seems unlikely that the trophoblasts could regulate arterial pressure to the placenta. The latex perfusion studies confirmed the arteries as the site of trophoblast migration.
The ability of the foreign fetal tissue to survive in arteries well beyond the uterus is unique. It seems that whatever protects the placenta and fetus from being rejected as a host-versus-graft reaction must also protect these arterial trophoblasts. It has been suggested that the trophoblast is the cell that has the ability to prevent maternal cells and antibodies from destroying the fetus [3]. Although lymphocytes and granulocytes often were in direct contact with trophoblasts we found no evidence that maternal leukocytes were causing harm to the trophoblast. Trophoblasts appeared to retain granulocytes with their microvilli.
Also puzzling is what stimulates the maternal leukocytes to pass between trophoblasts and enter the wall of arteries which then appear to behave more like postcapillary venules than arteries and arterioles. It may be that these changes are the result of hormones or the direct action of the invading trophoblasts. The mechanisms for the trophoblast migration and resulting arterial alterations are unknown. The ability of the fetal cells to invade and alter normal host tissues, however, is similar to the ability of malignant cancer cells to invade and migrate. Cancer cells may represent a reversion to a less differentiated type of fetal cell. If this is true, then by understanding the mechanism and pathogenesis of trophoblast migration, we may gain an understanding of the mechanism for cancer cell invasion.
